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The helix-destabilizing properties of a single-stranded DNA-binding protein, LEF-3, of Bombyx mori nucleopolyhedrovirus
(BmNPV) were studied. Partial duplexes of DNA containing single-stranded (ss) tails of different sizes and orientations were
used as substrates for assay of the unwinding ability of LEF-3. Upon noncooperative binding to ssDNA, LEF-3 was capable
of unwinding the duplexes with 59 ss tails. However, it did not cause melting of the duplexes containing 39 ss tails, even at
oversaturation of ssDNA adjacent to the duplexes. Upon cooperative binding to long ss tails, LEF-3 also produced the polar
melting effect; it unwound the duplexes with long 59 ss tails, but not those with long 39 ss tails. These data suggest that LEF-3
has a preferential direction for entry into duplex DNA, namely 59 to 39 with respect to the bound DNA strand. In agreement
with its polarity, LEF-3 efficiently melted the primer-template complexes which serve as substrates for DNA polymerases.
However, the formation of a complex with viral DNA polymerase before addition of LEF-3 protected the primer-templates
from the destabilization effect of LEF-3. Although the destabilization effect of LEF-3 was highly sensitive to monovalent and
divalent salts, the protein was capable of melting DNA duplexes in a polar manner at physiological conditions, i.e., 30°C in
0.15 M NaCl. Therefore, the polar destabilization effect of LEF-3 seems to be physiologically important and may be connected,
in particular, with the polar action of viral helicase holoenzyme during baculovirus replication. © 2000 Academic PressINTRODUCTION
Nucleopolyhedroviruses (NPVs) are members of the
Baculoviridae and contain large (80 to 180 kb), circular,
double-stranded DNA (dsDNA) genomes, which repli-
cate in nuclei of infected cells. The Bombyx mori NPV
(BmNPV) genome of 128,413 bp potentially encodes 136
genes (Gomi et al., 1999) and is closely related to the
most extensively studied baculovirus, Autographa cali-
fornica multicapsid NPV (AcMNPV). Despite the wide-
spread use of NPVs for expression of foreign genes, little
is known about the mechanism of their replication and
the properties of their replication factors.
The products of six viral genes (ie1, lef-1, lef-2, lef-3,
dnapol, and dnahel) are essential for replication of trans-
fected plasmids containing a putative baculovirus repli-
cation origin in transient replication assay (Ahrens and
Rohrmann, 1995; Broer et al., 1998; Kool et al., 1994; Lu
and Miller, 1995). The transactivator IE-1 may bind puta-
tive replication origins and participate in the initiation of
DNA replication (Choi and Guarino, 1995; Rodems and
Friesen, 1995). LEF-1 and LEF-2 form a complex in the
infected cells, but the functions of both proteins in viral
replication remain unknown, although LEF-1 contains a
primaselike domain essential for transient replication
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180(Evans et al., 1997). The viral gene dnahel presumably
encodes a DNA helicase (Lu and Carstens, 1991) and
contains conserved helicase motifs required for transient
DNA replication (Liu and Carstens, 1999; Lu and
Carstens, 1991). Viral DNA polymerase (product of
dnapol gene) (Tomalski et al., 1988) and DNA helicase
should form an enzymatic core of the viral replication
machinery.
Because of the preferential binding of LEF-3 to ssDNA,
its abundance in infected cells, and its requirement for
transient DNA replication, LEF-3 was proposed to func-
tion as an ssDNA-binding protein (SSB) in virus replica-
tion (Hang et al., 1995). SSBs serve as accessory factors
required for efficient action of replicative enzymes, DNA
polymerases, and DNA helicases, and are found in eu-
karyotes, prokaryotes, and dsDNA viruses (for review,
see Chase and Williams, 1986). SSBs also participate in
DNA repair and recombination. Baculovirus LEF-3 is an
early viral protein, which belongs to a group of 19 viral
factors (late expression factors) required for expression
of late viral genes (Ahrens et al., 1995; Li et al., 1993;
Rapp et al., 1998). AcMNPV LEF-3 interacts with viral
DNA helicase (protein P143) in the infected cells (Evans
et al., 1999) and is essential for transport of P143 into the
nucleus (Wu and Carstens, 1998).
In experiments with overexpressed AcMNPV DNA
polymerase, LEF-3 increased the strand displacement
activity of the polymerase (McDougal and Guarino, 1999).
A native LEF-3 presumably forms a homotrimer in solu-
tion (Evans and Rohrmann, 1997). The predicted mono-
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lecular mass of 44.8 kDa) is 91.7% identical to AcMNPV
LEF-3 in amino acid sequence, and both proteins are
likely to play the same role in virus replication. The
present list of baculovirus replication proteins is proba-
bly not complete, because factors required for matura-
tion of nascent viral DNA and its further processing were
not detected in the transient replication assay.
Recently a novel DNA-binding protein (DBP) with prop-
erties of SSB has been isolated from BmNPV-infected
cells (Mikhailov et al., 1998). DBP is an abundant early
iral protein, which preferentially binds ssDNA and is
apable of destabilizing DNA duplexes. DBP and LEF-3
olocalize with other viral replication proteins to viral
eplication factories inside the nucleus of BmNPV-in-
ected cells (Okano et al., 1999). In previous experiments
with BmNPV ssDNA-binding proteins, DBP was capable
of unwinding partial DNA duplexes in a nonpolar manner
with either 39 or 59 single-stranded tails, whereas LEF-3
did not destabilize short duplexes with 39 tails (Mikhailov
et al., 1998). The inability to melt partial duplexes in vitro
was in apparent contradiction with its predicted SSB
function in virus replication. Therefore, we decided to
perform a more detailed analysis of the helix-destabiliz-
ing properties of LEF-3.
This report describes the ability of BmNPV LEF-3 to
destabilize partial DNA duplexes having different primary
structures and single-stranded tails of different length
and orientation. LEF-3 showed an unusual polarity in
melting of partial DNA duplexes and was capable of
destabilizing the duplexes with 59 ss tails, but not with 39
ss tails. The implications of this LEF-3 property in the
organization of the baculovirus replication fork is dis-
cussed.
RESULTS
BmNPV LEF-3 was purified to electrophoretic homo-
geneity from BmNPV-infected BmN cells collected 14 h
postinfection as described under Materials and Meth-
ods. In the initial experiments, partial duplexes formed by
17-mer or 21-mer primers annealed to terminal regions
(39 or 59) of 51-mer template were used as substrates for
analysis of helix-destabilizing properties of LEF-3. These
duplexes contain 39 or 59 single-stranded tails of approx-
imately 30 nucleotides (nts), which is enough for stable
binding of LEF-3. Hang et al. (1995) observed saturation
of M13 ssDNA at an input ratio of 1 mol of AcMNPV
LEF-3 per 10 mol of nucleotides. This estimate was
confirmed by our experiments with LEF-3 proteins of two
baculoviruses, BmNPV and AcMNPV. Since LEF-3 pre-
sumably forms a trimer in solution (Evans and Rohrmann,
1997), the binding site size is approximately 30 nts per
protein trimer. This means that the partial duplexes
formed by 17- to 21-mer primers annealed to terminalregions of 51-mer oligonucleotide provide a binding site
for a single LEF-3 trimer.
Upon oversaturation of the partial DNA duplexes,
BmNPV LEF-3 did not cause detachment of either a
21-mer or 17-mer annealed to the 59 end of 51-mer. The
data obtained for 17:51-mer are shown in Fig. 1A, lanes
1–4. The amount of LEF-3 added to the reaction shown in
lane 4 of Fig. 1A corresponds to an approximately 30-fold
molar excess of LEF-3 trimers over the DNA probe.
Meanwhile, saturation of 51-mers with LEF-3 was ob-
served in the mobility-shift assay at a ratio of 1.5 to 2
trimers per one 51-mer oligonucleotide (data not shown).
The inability of LEF-3 to melt the 17-mer duplex with a 39
single-stranded tail was in agreement with our previous
observations (Mikhailov et al., 1998). However, LEF-3
efficiently detached 21-mer primer from the 39 end of
51-mer template (Fig. 1B, lanes 1–4). These data suggest
that LEF-3 melts duplexes preferentially in a 59 to 39
direction with respect to the orientation of bound ssDNA.
The polar destabilization effect is not typical for known
SSB proteins. In the control experiment, the E. coli SSB
FIG. 1. Unwinding of partial DNA duplexes upon binding of BmNPV
LEF-3 and E. coli SSB. Reaction mixtures (10 ml) containing 0.02 pmol
of 32P-labeled *17:51-mer partial duplex (A) or *21:51-mer partial duplex
(B) and other components (see Materials and Methods) were incubated
in the presence of BmNPV LEF-3 (lanes 2–4) or E. coli SSB (lanes 6–8).
No protein was added to the reactions shown in lanes 1 and 5. LEF-3
was added in the following amounts: panel A, lane 2, 20 ng; lane 3, 40
ng; and lane 4, 75 ng; panel B, lane 2, 8.3 ng; lane 3, 20 ng; and lane
4, 40 ng. E. coli SSB was added in the following amounts: lane 6, 25 ng;
lane 7, 60 ng; and lane 8, 140 ng. After incubation for 30 min at 22°C,
the reaction mixtures were treated with 1% SDS and 0.5 mg/ml pro-
teinase K for 10 min at 22°C and analyzed by electrophoresis in 6%
polyacrylamide gels. The sequences of the *17:51-mer and *21:51-mer
are shown below the respective gels. The asterisk indicates the radio-
active label.efficiently detached primers from both ends of 51-mer
(Fig. 1, lanes 5–8).
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182 V. S. MIKHAILOVThe binding of SSB proteins favors the production of
single-stranded regions resulting from DNA breathing in
duplex DNA. Therefore, factors stabilizing the double
helix of DNA inhibit melting of dsDNA by SSB proteins.
As expected, the helix-destabilization effect of LEF-3 was
highly sensitive to the presence of monovalent (NaCl) or
divalent salt (MgCl2) in the reaction mixture (Fig. 2). ATP
lso inhibited melting of partial duplexes, presumably by
cting as a salt.
A reason for strict polar action of LEF-3 is unclear. The
7-mer annealed at the 59 end of 51-mer template forms
less stable duplex (Tm 57.2°C) than the 21-mer an-
ealed at the 39 end (Tm 62.6°C). Therefore, inefficient
destabilization of 17-mer duplex with the 39 tail was not
he result of its higher thermal stability. However, the
ifferent unwinding of the 21:51-mer and 17:51-mer par-
ial duplexes by LEF-3 might depend on specific struc-
ural features of these duplexes, such as (1) chemical
tructure of terminal groups in the 21-mer and 17-mer
rimers at the border of the ss and ds regions (the 39-OH
roup in the 21:51-mer and the 59-phosphate in the 17:
1mer) and (2) sequence motifs in the duplex regions
djacent to the binding site of LEF-3. Two control exper-
ments were performed to clarify these points. In the first
xperiment, we analyzed the role of the phosphate group
ocated at a border of the ss and ds regions. To avoid a
ossible inhibition effect of the 59 phosphate on unwind-
ng, the 17-mer primer was labeled at the 39 end with
32P]d2AMP by terminal transferase, thereby leaving the
59 end of the primer free of phosphate. The primer was
annealed to 51-mer, producing a 17-mer duplex with a 39
tail. The destabilization effect of LEF-3 on this duplex
was compared to its effect on the same duplex, which
was labeled at the primer 59 end by polynucleotide ki-
nase. Upon oversaturation of partial duplexes, LEF-3 did
not detach either 17-mer primers labeled at the 39 end or
FIG. 2. Effect of NaCl, MgCl2, and ATP on DNA unwinding promote
1-mer oligonucleotide annealed to a 51-mer oligonucleotide and othe
n the absence of salts (lanes 2) or in the presence of NaCl (A, lanes 3
he gels. No protein was added to the reactions shown in lanes 1. Aft
DS and 0.5 mg/ml proteinase K for 10 min at 22°C and analyzed by e
hown in Fig. 1B.17-mers labeled at the 59 end (Fig. 3). This means that
the inability to melt duplexes with 39 tails was not theresult of the presence of 59-phosphate on the annealed
primers.
To exclude the effect of primary sequence on the
melting by LEF-3, 59-tailed and 39-tailed 17:51(s)-mer du-
plexes having mirror symmetry were prepared. The 25-nt
stretches at the 59 and 39 ends of the 51(s)-mer template
had reverse nucleotide sequences, so the order of nu-
cleotide residues from the central 26th base was the
same in both directions to the 51(s)-mer ends. This
means that LEF-3 should open successively the same
base pairs moving inside the duplexes either along the
59 ss tail or the 39 ss tail. Oversaturation of the 17:51(s)-
mer partial duplexes with LEF-3 resulted in melting of the
59-tailed duplex 17(r):51(s)-mer (Fig. 4). However, LEF-3
did not melt the 39-tailed duplex 17:51(s)-mer. Therefore,
the inability to destabilize duplexes with 39-tails presum-
F-3. Reaction mixtures (10 ml) containing 0.02 pmol of 59-32P-labeled
onents (see Materials and Methods) were incubated with 20 ng LEF-3
gCl2 and ATP (B, lanes 3–8) added at concentrations indicated above
ation for 30 min at 22°C, the reaction mixtures were treated with 1%
horesis in 6% polyacrylamide gels. The sequence of the *21:51-mer is
FIG. 3. Inability of LEF-3 to detach primer free of phosphate at the 59
end from partial duplexes with a 39 tail. Reaction mixtures (10 ml)
containing 0.01 pmol of *17:51-mer partial duplex with 17-mer primer
labeled with [32P]d2AMP at the 39 end (lanes 1–5) or with
32P at the 59
end (lanes 6–10) and other components (see Materials and Methods)
were incubated in the presence of BmNPV LEF-3. No protein was
added to the reactions shown in lanes 1 and 6. LEF-3 was added in the
following amounts: lanes 2 and 7, 5 ng; lanes 3 and 8, 10 ng; lanes 4 and
9, 20 ng; and lanes 5 and 10, 40 ng. After incubation for 30 min at 22°C,
the reaction mixtures were treated with 1% SDS and 0.5 mg/ml pro-
teinase K for 10 min at 22°C and analyzed by electrophoresis in 6%d by LE
r comp
–5) or M
er incubpolyacrylamide gel. The sequence of the 17:51-mer is shown at the
bottom.
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183LEF-3 DESTABILIZES DNA DUPLEXES IN A POLAR MANNERably reflects an intrinsic property of LEF-3 rather than the
structural features of partial duplexes used in the exper-
iments.
The partial duplexes prepared using 51-mer templates
presumably contain room for binding of only one LEF-3
trimer. However, most SSB proteins bind ssDNA in a
cooperative manner. Cooperative binding may increase
the LEF-3 affinity for ssDNA and change its helix-desta-
bilizing efficiency. It was of special interest whether the
polar melting caused by LEF-3 upon noncooperative
binding to duplexes with short single-stranded tails is
observed upon cooperative binding to long stretches of
ssDNA. To answer this question, we prepared 17-mer
duplexes on 39 and 59 ends of the linearized form of M13
ssDNA. These duplexes contain a site for cooperative
binding of LEF-3 more than 7000 nts long. M13mp7
ssDNA was cut by endonuclease BamHI in the polylinker
region, which presents a stable hairpin. Two 17-mer
primers were annealed to the 39 and 59 ends of the
linearized M13 DNA, producing two 17-mer duplexes of
similar thermal stability but with opposite orientation of
single-stranded tails. Oversaturation of these substrates
with LEF-3 caused melting of the duplexes with 59 tails
but left intact the duplexes with 39 tails (Fig. 5A). LEF-3
showed a marked cooperativity under destabilization of
the 59-tailed duplexes. With less than saturating amounts
FIG. 4. Unwinding of DNA duplexes upon binding of BmNPV LEF-3.
Reaction mixtures (10 ml) containing 0.02 pmol of *17(r):51(s)-mer partial
duplex with 32P-labeled 17(r)-mer annealed at the 39 end of 51(s)-mer
(lanes 1–5) or *17:51(s)-mer partial duplex with 32P-labeled 17-mer
annealed at the 59 end of 51(s)-mer (lanes 6–10) and other components
(see Materials and Methods) were incubated in the presence of Bm-
NPV LEF-3. No protein was added to the reactions shown in lanes 1
and 6. LEF-3 was added in the following amounts: lanes 2 and 7, 10 ng;
lanes 3 and 8, 20 ng; lanes 4 and 9, 40 ng; and lanes 5 and 10, 75 ng.
After incubation for 30 min at 22°C, the reaction mixtures were treated
with 1% SDS and 0.5 mg/ml proteinase K for 10 min at 22°C and
analyzed by electrophoresis in 6% polyacrylamide gel. The sequences
of the *17(r):51(s)-mer and *17:51(s)-mer are shown at the bottom. The
arrows indicates the reverse repeats in the 51(s)-mer. The asterisk
indicates the radioactive label.of LEF-3, little or no duplex melting was observed (lane 3
in Fig. 5A corresponds to 16 nts of DNA per LEF-3monomer). However, no more intact duplexes were seen
at oversaturation of M13 DNA with LEF-3 (lane 4 in Fig.
5A corresponds to 8 nts per LEF-3 monomer). The inabil-
ity to melt duplexes with long 39 tails suggests that upon
ooperative binding to ssDNA, LEF-3 destabilizes DNA in
he same polar manner as was shown before for nonco-
perative binding.
The unwinding of duplex DNA by SSB proteins is
enerally considered an in vitro effect, which is observed
FIG. 5. A polar destabilization effect of BmNPV LEF-3 upon cooper-
ative binding to M13 DNA. (A) Reaction mixtures (10 ml) containing
.001 pmol of linearized ssDNA M13mp7 with 32P-labeled 17(a)-mer or
7(b)-mer annealed respectively at the 39 end (lanes 1–5) or at the 59
nd (lanes 6–10) and other components (see Materials and Methods)
ere incubated at 23°C in the presence of BmNPV LEF-3. No protein
as added to the reactions shown in lanes 1 and 6. LEF-3 was added
n the following amounts: lanes 2 and 7, 10 ng; lanes 3 and 8, 20 ng;
anes 4 and 9, 40 ng; and lanes 5 and 10, 75 ng. (B) Reaction mixtures
10 ml) containing 0.15 M NaCl and 0.002 pmol of linearized ssDNA
13mp7 with 32P-labeled 17(a)-mer or 17(b)-mer annealed respectively
at the 39 end (lanes 1–5) or at the 59 end (lanes 6–10) and other
components (see Materials and Methods) were incubated at 30°C in
the presence of BmNPV LEF-3. No protein was added to the reactions
shown in lanes 1 and 6. LEF-3 was added in the following amounts:
lanes 2 and 7, 24 ng; lanes 3 and 8, 48 ng; lanes 4 and 9, 96 ng; and
lanes 5 and 10, 180 ng. After incubation for 1 h at the indicated
temperature, the reaction mixtures were treated with 1% SDS and 0.5
mg/ml proteinase K for 10 min at 23°C and analyzed by electrophoresis
in 1% agarose gel (A) or in 5% polyacrylamide gel (B). The sequences
of the *17(a)-mer and *17(b)-mer are shown at the bottom in panel A.
The asterisk indicates the radioactive label.
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184 V. S. MIKHAILOVonly at low salt concentrations. The destabilization effect
of LEF-3 was in fact highly sensitive to monovalent and
divalent salts (Fig. 2). However, upon cooperative binding
to M13 DNA, LEF-3 was able to destabilize duplexes
rather efficiently at physiological conditions, i.e., 30°C in
0.15 M NaCl (Fig. 5B). At these conditions, LEF-3 desta-
bilized the partial duplexes with 59 tails, but not the
duplexes with 39 tails. These data suggest that LEF-3
may cause melting of DNA inside the nuclei of NPV-
infected cells in the same polar manner as was observed
in in vitro experiments with the isolated protein.
The partial duplexes with 59 ss tails are primer-tem-
plate complexes, which may serve as substrates for
cellular and viral DNA polymerases. The efficient melting
of the primer-templates by LEF-3 potentially could inter-
fere with the functioning of viral DNA polymerase during
baculovirus replication. On the other hand, binding of
DNA polymerase to the 39-OH end of the primer may
block interaction of LEF-3 with the duplex, thus prevent-
ing the destabilization effect caused by LEF-3. To eluci-
date the possible effect of viral DNA polymerase on the
duplex melting promoted by LEF-3, we purified viral DNA
polymerase from the BmNPV-infected silkworm pupae.
As a prelude to the study, BmNPV DNA polymerase was
characterized by the electrophoretic mobility-shift assay
(EMSA). Addition of DNA polymerase resulted in a sig-
nificant reduction in mobility of the 21:*51-mer (Fig. 6A).
The appearance of a single slowly migrating band sug-
gests a stable binding of protein to the primer-template.
DNA polymerase formed a stable complex with the 21:
*51-mer primer-template, but not with the *51-mer tem-
plate lacking a primer. Therefore, the binding of BmNPV
DNA polymerase to ssDNA depends on the presence of
primers annealed to ssDNA.
The next experiment was performed to confirm that the
protein–DNA complex with a low gel mobility was actu-
ally formed by DNA polymerase. The DNA polymerase
sample was complexed with either prelabeled 21:*51-
mers or unlabeled primer-templates to test whether com-
plexes would remain active following gel electrophore-
sis. After native electrophoresis, a portion of the gel
containing protein complexes with labeled 21:*51-mers
was dried (Fig. 6B, lanes 1 and 2), whereas a portion
containing protein complexes with unlabeled 21:51-mer
was processed to detect DNA polymerase activity in situ
(Fig. 6B, lanes 3–6). The complexes of DNA polymerase
with unlabeled 21:51-mers retained the expected DNA
polymerase activity and were capable of incorporating
radioactive DNA precursors following electrophoresis. A
single band of protein bound to the 21:*51-mer (lane 2)
corresponded in mobility to the complex of DNA poly-
merase with unlabeled 21:51-mer (lanes 4 and 5). This
experiment confirmed that the protein–DNA complex re-
vealed by EMSA (Fig. 6A, lanes 2–4) was the result of
stable binding of BmNPV DNA polymerase to the primer-
template.To elucidate whether binding of DNA polymerase to
the primer-templates affects the LEF-3 action on the
duplexes, the unwinding assay of LEF-3 was performed
FIG. 6. Electrophoretic mobility shift assay of BmNPV DNA polymer-
ase. (A) Reaction mixtures (10 ml) containing 0.05 pmol of 21:*51-mer
partial duplex with 21-mer annealed at 39 end of 32P-labeled 51-mer
lanes 1–5) or 0.05 pmol of 32P-labeled 51-mer (lanes 6–10) and other
components (see Materials and Methods) were incubated in the pres-
ence of BmNPV DNA polymerase. No protein was added to the reac-
tions shown in lanes 1 and 6. BmNPV DNA polymerase was added in
the following amounts: lanes 2 and 7, 0.04 unit; lanes 3 and 8, 0.1 unit;
lanes 4 and 9, 0.25 unit; and lanes 5 and 10, 0.6 unit. After incubation
for 15 min at 22°C, the reaction mixtures were analyzed by electro-
phoresis in 6% polyacrylamide gel. (B) Reaction mixtures (10 ml) con-
taining 0.1 pmol of 21:51-mer partial duplex with 21-mer annealed at the
39 end of 51-mer and other components (see Materials and Methods)
were incubated for 30 min on ice in the absence of BmNPV DNA
polymerase (lane 3) or in the presence of the following amounts of
BmNPV DNA polymerase: lane 4, 0.25 unit; lanes 5 and 6, 0.6 unit. The
sample in lane 6 contained no added primer-template. The reactions in
lanes 1 and 2 were prepared exactly as the reactions shown respec-
tively in lanes 1 and 4 of (A). After electrophoresis in 6% polyacrylamide
gel at 4°C, the gel region with lanes 1 and 2 was dried, while the other
part with lanes 3–6 was placed in a reaction mixture with [a-32P]dATP
for in situ assay of DNA polymerase activity as described under Ma-
erials and Methods.after complexing of the primer-templates with DNA poly-
merase (Fig. 7A). The *17(r):51(s)-mer was saturated at
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185LEF-3 DESTABILIZES DNA DUPLEXES IN A POLAR MANNERfirst by DNA polymerase added to the reaction mixtures
at a ratio of protein to DNA corresponding to that shown
in Fig. 6A, lane 4. LEF-3 was then added and its unwind-
FIG. 7. Inhibition effect of BmNPV DNA polymerase on the unwinding
of primer-templates caused by LEF-3. (A) Unwinding assay. Reaction
mixtures (10 ml) contained 0.02 pmol of *17(r):51(s)-mer partial duplex
ith 32P-labeled 17(r)-mer annealed at the 39 end of 51(s)-mer and other
components (see Materials and Methods). LEF-3 was added to the
reaction mixtures following incubation for 5 min either in the absence
of DNA polymerase (lanes 2–4) or in the presence of 0.1 unit of DNA
polymerase (lanes 5–7). No protein was added to the reaction shown in
lane 1. Other reactions contained the following amounts of LEF-3: lanes
2 and 5, 12.5 ng; lanes 3 and 6, 25 ng; lanes 4 and 7, 50 ng. After
incubation for 20 min at 22°C, the reaction mixtures were treated with
1% SDS and 0.5 mg/ml proteinase K for 10 min at 22°C and analyzed by
electrophoresis in 6% polyacrylamide gel. (B) Electrophoretic mobility
shift assay. Reaction mixtures (10 ml) contained 0.02 pmol of *17(r):
1(s)-mer partial duplex with 32P-labeled 17(r)-mer annealed at the 39
nd of 51(s)-mer (lanes 1–5) or 0.02 pmol of *17:51(s)-mer partial duplex
ith 32P-labeled 17-mer annealed at the 59 end of 51(s)-mer (lanes 6–9)
nd other components (see Materials and Methods). LEF-3 was added
o the reaction mixtures following incubation for 5 min either in the
bsence of DNA polymerase (lane 8) or in the presence of 0.1 unit of
NA polymerase (lanes 3–5, 9). No LEF-3 was added to the reactions
hown in lanes 1, 2, 6, and 7. Other reactions contained the following
mounts of LEF-3: lane 3, 12.5 ng; lanes 4, 8, and 9, 25 ng; lane 5, 50
g. After incubation for 20 min at 22°C, the reaction mixtures were
nalyzed by native electrophoresis in 5% polyacrylamide gel. The
equences of the *17(r):51(s)-mer and *17:51(s)-mer are shown at the
ottom. The asterisk indicates the radioactive label.ing ability was assayed under the standard conditions.
DNA polymerase bound to the *17(r):51(s)-mer com-pletely blocked the detachment of the *17(r) from the
51(s)-mer template (lanes 5–7), whereas LEF-3 efficiently
melted this partial duplex in the absence of DNA poly-
merase (lanes 2–4).
A control mobility-shift experiment showed that under
the conditions used in the unwinding assay, 17(r):51(s)-
mer, DNA polymerase, and LEF-3 formed a complex (Fig.
7B, lanes 3–5). This complex had a reduced gel mobility
when compared with that of either the complex of the
*17(r):51(s)-mer and DNA polymerase (lane 2) or the
complex of the *17:51(s)-mer and LEF-3 (lane 8). To avoid
melting by LEF-3, the 39-tailed duplex *17:51(s)-mer was
used instead of *17(r):51(s)-mer for complexing with
LEF-3 (lanes 6–9). LEF-3, but not BmNPV DNA polymer-
ase, formed a stable complex with the *17:51(s)-mer. The
complex of *17:51(s)-mer with LEF-3 migrated in the gel
at a slightly slower rate than the complex of the *17(r):
51(s) with viral DNA polymerase (compare lanes 8 and 2),
probably because of a higher molecular mass of LEF-3
trimer (134 kDa) in comparison with that of BmNPV DNA
polymerase (114 kDa). The complex containing DNA
probe, DNA polymerase, and LEF-3 was formed only on
the primer-template *17(r):51(s)-mer, but not on the 39-
tailed duplex *17:51(s)-mer (compare lanes 4 and 9).
These results suggest that DNA polymerase prevented
melting of the primer-template rather than binding of
LEF-3 to the DNA probe. An excess of LEF-3 did not
cause removal of viral DNA polymerase from the produc-
tive complex with the primer-template.
DISCUSSION
Although SSBs are capable of destabilizing DNA du-
plexes under physiological conditions, these proteins do
not play an active role in DNA unwinding during replica-
tion. A special enzyme from the family of DNA helicases
catalyzes the unwinding of parent DNA. The role of SSBs
is to stabilize single-stranded regions generated by DNA
helicases. The viral protein P143 (product of dnahel
gene) was predicted to serve as DNA helicase in bacu-
lovirus replication. P143 contains consensus motifs com-
mon for NTP-dependent helicases (Liu and Carstens,
1999; Lu and Carstens, 1991) and is essential for the
transient replication of plasmids containing putative viral
origin in transfection assays (Kool et al., 1994). Most
known DNA helicases are capable of unwinding DNA
duplexes moving along the bound ssDNA in only one
direction, from 39 to 59 on the leading strand or from 59 to
39 on the lagging strand. Polarity of P143 movement
during baculovirus replication remains unknown, be-
cause all efforts to detect the helicase activity of purified
P143 have so far been unsuccessful. Unlike DNA heli-
cases, which translocate unidirectionally on DNA, there
does not appear to be a strict directionality to the un-
winding caused by known SSBs. The E. coli SSB melted
both the 39-tailed and 59-tailed partial duplexes (Fig. 1).
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binding protein DBP does not proceed with a specific
directionality (Monaghan et al., 1994). The SSB protein
ICP8 of herpes simplex virus type 1 (HSV-1) melts the
39- and 59-tailed partial duplexes with equal efficiency
(Boehmer and Lehman, 1993). However, the data pre-
sented in this paper suggest that the baculoviral SSB
protein, LEF-3, produces the polar melting effect on du-
plex DNA. In control experiments with AcMNPV LEF-3,
the protein also preferentially melted the duplexes with
59 ss tails, as shown earlier for BmNPV LEF-3 (Mikhailov
and Carstens, unpublished data). Because of apparently
cooperative strand displacement promoted by LEF-3 on
M13 DNA (Fig. 5A), it cannot be ruled out that initial
binding of LEF-3 trimer is followed by unidirectional 59 to
39 polymerization of the protein on ssDNA. However, the
unidirectional strand displacement was also observed
upon noncooperative binding of LEF-3 to the duplexes
with a binding site for only one protein trimer.
LEF-3 may interact with both parent DNA strands in
the replication fork, but it has a preferential direction for
entry into DNA duplex, from 59 to 39 with respect to the
bound DNA strand. This direction corresponds to driving
along the lagging strand of viral DNA and it is opposite to
the polarity of DNA polymerase, which slides in the 39 to
59 direction on the leading strand. In fact, LEF-3 desta-
bilized the primer-template duplex following its binding
at the position adjacent to the 39 end of primer. However,
the formation of a complex with viral DNA polymerase
before the addition of LEF-3 completely blocked subse-
quent melting of the primer-template by LEF-3 (Fig. 7A).
Although the actual mechanism of the inhibition effect of
DNA polymerase on the melting efficiency of LEF-3 is
unknown, this result suggests that LEF-3 does not hinder
functioning of viral DNA polymerase during baculovirus
replication. DNA polymerase may stabilize the primer-
template duplex or physically protect the 39 end of primer
from interaction with LEF-3. Importantly, excess LEF-3
did not cause removal of viral DNA polymerase from the
productive complex with the primer-template. Therefore,
both proteins could efficiently cooperate in the course of
elongation of the daughter strands of viral DNA, as was
recently suggested by experiments with LEF-3 and DNA
polymerase of AcMNPV (McDougal and Guarino, 1999).
Some experimental data suggest that LEF-3 forms a
functional complex with P143 in infected cells. LEF-3 is
essential for transport of P143 into the cell nucleus (Wu
and Carstens, 1998), and the yeast two-hybrid and im-
munoaffinity analysis revealed physical interactions be-
tween LEF-3 and P143 (Evans et al., 1999). It is unclear
whether binding of LEF-3 to P143 is required only for
transport of P143 into nucleus, or both proteins still
interact in the course of virus DNA replication and com-
pose a viral DNA helicase holoenzyme. Interestingly,
interaction of SSBs and DNA helicases have been re-
ported for several nonviral and viral systems includingherpes simplex virus type 1 (HSV-1) (Biswas et al., 1995;
Boehmer et al., 1994; Hamatake et al., 1997; Matson and
aiser-Rogers, 1990; Seo and Hurwitz, 1993; Umezu and
akayama, 1993). If P143 binds LEF-3 during replication,
he unusual polar melting caused by LEF-3 in vitro may
eflect the polarity of the helicase holoenzyme. LEF-3
ay stabilize binding of P143 to the lagging strand and
acilitate transfer of P143 along this strand in the repli-
ation fork. In an alternative model, both proteins asso-
iated in a functional complex and are bound to different
arent DNA strands in the replication fork. In that case,
143 should display the opposite polarity to LEF-3 during
eplication. The complex of P143 and LEF-3 has not been
solated. Only a minor portion of the cellular pool of P143
as copurified with LEF-3 by chromatography of extracts
rom infected cells on ssDNA-sorbents (Evans et al.,
999; Mikhailov and Carstens, unpublished observa-
ions). Undoubtedly, reconstitution of a functional com-
lex from purified proteins P143 and LEF-3 on a proper
NA substrate in vitro will shed light on the mechanism
f DNA unwinding during baculovirus replication.
MATERIALS AND METHODS
urification of LEF-3
Monolayers of BmN-4 (silkworm B. mori) cells were
aintained in TC-100 medium supplemented with 10%
eat-inactivated fetal bovine serum (Maeda, 1989). The
ells (5 3 108) were infected with wild-type BmNPV
isolate T3) at a multiplicity of infection of 10 and har-
ested 14 h postinfection. Infected cells were collected
y centrifugation; washed three times with phosphate-
uffered saline and once with hypotonic buffer A con-
aining 20 mM HEPES (pH 7.5), 5 mM KCl, 1.5 mM MgCl2,
1 mM dithiothreitol (DTT) and a set of protease inhibitors
(0.2 mM phenylmethylsulfonyl fluoride, 1 mM pepstatin, 5
mg/ml leupeptin, 5 mg/ml aprotinin, 2 mg/ml E64, and 2
M benzamidine); and centrifuged again. The cells were
uspended in an equal volume of buffer A, allowed to
well on ice for 10 min, and then lysed by 15 strokes of
tight-fitting pestle in a Wheaton Dounce homogenizer.
he homogenate was centrifuged at 2000 g for 10 min to
pellet nuclei. The nuclei were resuspended in an equal
volume of buffer A containing 3.4 M NaCl, transferred
into a 4-ml centrifuge tube, and then incubated on ice for
1 h.
The extract was centrifuged at 100,000 g for 1 h, and
the supernatant was dialyzed for 2 h against two
changes of buffer B (20 mM HEPES, pH 7.5; 10% glycerol;
0.1 M NaCl; 5 mM KCl; 1.5 mM MgCl2; 1 mM DTT; and the
set of protease inhibitors). The extract was clarified by
centrifugation at 100,000 g for 15 min, adjusted to 10 mM
EDTA, and loaded onto a 2-ml column of ssDNA cellu-
lose (Sigma) equilibrated with buffer C (20 mM HEPES,
pH 7.5; 10% glycerol; 0.1 M NaCl; 1 mM EDTA; 1 mM DTT;
and the set of protease inhibitors). The column was
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187LEF-3 DESTABILIZES DNA DUPLEXES IN A POLAR MANNERwashed with 20 ml of buffer C containing 0.4 M NaCl and
then successively processed with 10-ml portions of
buffer C containing NaCl at final concentrations of 0.5,
0.6, 0.8, and 1.0 M.
Collected fractions were analyzed by SDS–PAGE
(Laemmli, 1970) followed by staining with Coomassie
brilliant blue or by Western blotting (Mikhailov et al.,
998). A rabbit polyclonal antiserum to AcMNPV LEF-3
as a gift from George F. Rohrmann (Evans and Rohr-
ann, 1997). Fractions containing LEF-3 (eluted usually
t 0.5–0.6 M NaCl) were combined and dialyzed against
uffer D (10 mM Tris–HCl, pH 7.5; 10% glycerol; 1 mM
DTA; 1 mM DTT; and the set of protease inhibitors). The
ample was loaded onto a 0.6-ml column of DEAE–
oyopearl 650 (Tosoh) equilibrated with buffer D. The
olumn was washed with 4 ml of buffer D containing 100
M NaCl and then successively processed with 1-ml
ortions of buffer D containing NaCl at final concentra-
ions of 110, 130, 150, 175, 200, and 230 mM. Proteins
rom each fraction were analyzed by SDS–PAGE followed
y staining with Coomassie brilliant blue.
Fractions containing pure LEF-3 (eluted usually at 175
M NaCl) were combined, dialyzed against buffer E (10
M Tris–HCl, pH 7.5; 50% glycerol; 0.1 mM EDTA; 1 mM
TT; and the set of protease inhibitors) and stored at
20°C. Protein concentration was determined by SDS–
AGE of portions from the samples followed by optical
ensitometry of the gel stained with Coomassie brilliant
lue. Bovine serum albumin (Bio-Rad) loaded in different
mounts on separate lanes of the same gel was used for
eneration of the calibration curve.
urification of BmNPV DNA polymerase
The silkworm B. mori pupae were infected with
mNPV on the third day of the pupal period and collected
days postinfection, when BmNPV DNA polymerase
ctivity reaches a maximum (Mikhailov et al., 1986a).
xtraction of the infected pupae, fractionation with am-
onium sulfate, chromatography on phosphocellulose
nd DEAE-cellulose, and the glycerol gradient fraction-
tion were performed as described earlier (Mikhailov et
l., 1986b) with minor modifications. All procedures were
un at 0–4°C. Eighty frozen pupae were ground with a
lass powder in a porcelain mortar and extracted for 30
in in 350 ml of a buffer containing 0.1 M potassium
hosphate, pH 7.5; 5% glycerol; 1 mM EDTA; 5 mM
-mercaptoethanol; and the set of protease inhibitors
0.2 mM phenylmethylsulfonyl fluoride, 1 mM pepstatin, 5
mg/ml leupeptin, 5 mg/ml aprotinin, 2 mg/ml E64, and 2
M benzamidine).
During extraction, the homogenate was sonicated
hree times for 10-s periods and then centrifuged at
0,000 g for 20 min. The pellet was discarded, and the
upernatant was centrifuged again at 100,000 g for 1 h.
he final supernatant was filtered through a gauze. Drymmonium sulfate (0.25 g/ml) was added in small por-
ions during stirring, which was continued for 20 min
fter the salt had been dissolved. The extract was then
entrifuged at 10,000 g for 30 min and the supernatant
as collected. Dry ammonium sulfate was added to the
upernatant up to 70% of saturation. The stirring was
ontinued for 20 min after the salt had been dissolved
nd the extract was centrifuged as described earlier. The
ellet was dissolved in 10 volumes of buffer F (10 mM
otassium phosphate, pH 7.5; 20% glycerol; 1 mM EDTA;
mM 2-mercaptoethanol; and the set of protease inhib-
tors) and dialyzed against this buffer.
The extract (100 ml, 4.7 g of protein) was loaded onto
phosphocellulose P11 column (2.6 3 15 cm) equili-
rated with buffer F. The column was washed with 10
olumn volumes of buffer F containing 0.3 M KCl, and
roteins were eluted with 5 volumes of a linear 0.3 to
.65 M KCl gradient in buffer F. Fractions containing
mNPV DNA polymerase were collected at 0.4 to 0.5 M
Cl and dialyzed against buffer F. The sample (90 ml, 55
g of protein) was loaded onto a DEAE–cellulose col-
mn (1.6 3 15 cm), which was washed with several
olumes of buffer F and then processed with a linear
radient of 10–350 mM potassium phosphate (pH 7.5) in
solution containing 20% glycerol, 1 mM EDTA, 5 mM
-mercaptoethanol, and the set of protease inhibitors.
ctive fractions (eluted at 0.1 M potassium phosphate)
ere pooled and dialyzed against buffer F. The sample
60 ml, 3 mg of protein) was applied to a ssDNA cellulose
olumn (0.7 3 3 cm), which was processed with a linear
to 0.8 M KCl gradient in buffer F.
Fractions containing BmNPV DNA polymerase (eluted
t 0.4 M KCl) were pooled, dialyzed against buffer F, and
oncentrated in dialysis tubing by dry polyethylene glycol
40,000 to a final volume of 0.6 ml. After dialysis for 2 h
gainst 10% glycerol in buffer G (0.2 M potassium phos-
hate, pH 7.5; 1 mM EDTA; 5 mM 2-mercaptoethanol; and
he set of protease inhibitors), the sample (0.4 mg of
rotein) was layered over 4.9 ml of a linear 15 to 30%
lycerol gradient prepared in buffer G in three tubes for
SW 65 swinging-bucket rotor (Beckman). The tubes
ere centrifuged at 47,000 rpm for 24 h and then frac-
ionated using a peristaltic pump. BmNPV DNA polymer-
se sedimented in the gradients with a sedimentation
oefficient of 6.3 S. Active fractions were pooled, dia-
yzed against buffer E, and stored at 220°C.
The final sample of BmNPV DNA polymerase (70 mg of
protein, 290 units) retained 1.6% of the enzyme activity in
the homogenate. The enzyme was purified more than
20,000-fold and had a specific activity of about 4000
units/mg. The polymerase activity and proofreading 393
59 exonuclease activity (Mikhailov et al., 1986b) were
associated with a polypeptide having an apparent mo-
lecular mass of 110 kDa under SDS–PAGE. DNA poly-
merase activity was determined as described earlier
(Mikhailov et al., 1986b). One unit of DNA polymerase
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188 V. S. MIKHAILOVactivity was defined as incorporation of 1 nmol dNMP
into DNA in 1 h at 37°C.
Unwinding assay and mobility shift assay
The following oligonucleotides were used for prepa-
ration of partial duplexes: 17-mer (TGCCGGGATCATA-
GAAG), 17(r)-mer (GAAGATACTAGGGCCGT), 17(a)-mer
(CGGGGAATTCGTAATCA), 17(b)-mer (AGTGAATTCCCC-
GATC), 21-mer (AAGCGGAGTGTATGTGCAGTG), 51-mer
CTTCTATGATCCCGGCACTCTGTGTGGCTACACTGCA-
ATACACTCCGCTT), 51(s)-mer (CTTCTATGATCCCGG-
ACTCTGTGTATGTGTCTCACGGCCCTAGTATCTTC). The
ligonucleotides were labeled at the 59 ends with 32P by
using T4 polynucleotide kinase and [g-32P]ATP. In some
xperiments, the 17-mer was labeled at the 39 end with
32P]d2AMP by using calf thymus terminal transferase
and [a-32P]d2ATP (Amersham) according to the manufac-
urer’s guidelines. The linear form of M13 DNA was
btained from M13mp7 ssDNA. The polylinker region of
13mp7 DNA is a perfect palindrome, which forms a
table hairpin with the BamHI site in stem. To open DNA,
0 mg of M13mp7 DNA was treated with 45 units of
ndonuclease BamHI at 30°C for 6 h. Labeled DNA
uplexes were prepared by annealing of the labeled
ligonucleotide to a 1.2-fold molar excess, respectively,
f either unlabeled oligonucleotide or linearized form of
13mp7 DNA.
Unwinding reactions and binding reactions were car-
ied out in a buffer containing 10 mM Tris–HCl, pH 8.0; 2
M DTT; and 100 mg/ml bovine serum albumin. Reaction
ixtures (10 ml) contained 0.001 to 0.05 pmol of DNA
probe and 3 ml of protein sample in buffer E. After mixing
f the components on ice, reaction mixtures were incu-
ated for 15–60 min at 22–23°C, unless noted otherwise.
fter incubation, the binding reactions were directly
oaded onto 5 or 6% polyacrylamide (acrylamide-bisac-
ylamide, 60:1) slab gel (60 3 100 3 0.75 mm), prepared
n a buffer containing 20 mM HEPES, pH 8.0, and 0.1 mM
DTA. The unwinding reactions were treated with 1%
DS and 0.5 mg/ml proteinase K for 10–20 min at room
emperature prior to loading onto the gel. Electrophore-
is was performed at 80 V in a buffer containing 20 mM
EPES, pH 8.0; 0.1 mM EDTA; and 2 mM thioglycolic acid
t the room temperature. In some experiments, M13 DNA
robes were analyzed by electrophoresis in 1% agarose
el in the TAE buffer. The gels were dried onto Whatman
E81 paper under vacuum and then exposed to X-ray
ilm.
ecovery of DNA polymerase activity in
olyacrylamide gel
BmNPV DNA polymerase (0.25 to 0.6 unit) was incu-
ated in the standard reaction mixture for binding with
.1 pmol of unlabeled 21:51-mer for 30 min on ice. The
amples were loaded onto a native 6% polyacrylamideel prepared as described earlier. Electrophoresis was
erformed for 1.5 h at 80 V and 4°C in a buffer containing
0 mM HEPES, pH 8.0; 0.1 mM EDTA; and 2 mM thiogly-
olic acid. A portion of the gel was placed in a reaction
ixture (15 ml) containing 50 pmol (750 Ci/mmol) of
a-32P]dATP; 5 mM each of dCTP, dGTP, and TTP; 20 mM
ris–HCl, pH 7.5; 150 mM KCl; 7.5 mM MgCl2; 2 mM DTT;
nd 100 mg/ml bovine serum albumin, and incubated at
30°C for 10 min, while shaking gently. The gel was then
washed for 4 h with several changes of 50 ml of cold 5%
trichloroacetic acid and 1% sodium pyrophosphate, and
dried onto DE81 paper.
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